INTRODUCTION
In the Enterobacteriaceae, the lipopolysaccharide (LPS) is comprised of three structural domains -the hydrophobic lipid A; the core oligosaccharide (core OS); and the polysaccharide O antigen (O-PS). The core OS provides an interesting counterpoint between the highly conserved lipid A and the structurally hypervariable O antigens. Structural diversity in the inner core OS is potentially constrained by the critical role it plays in outer membrane stability. The same base structure lipid A-proximal domain (inner core OS; Fig. 1 ) is shared by several genera. In the laboratory, the minimal Escherichia coli LPS structure required for survival comprises Kdo 2 -lipid A 1 (Kdo = 3-deoxy-D-manno-oct-2-ulosonic acid). However, the phosphoryl residues in the heptose region are critical for outer membrane stability, presumably due to their potential role in stabilizing adjacent LPS molecules by association with divalent cations (reviewed by Heinrichs et al. 2 ). The critical role of core phosphorylation in growth in vivo is illustrated by the attenuation of virulence in Salmonella enterica sv. Typhimurium mutants lacking these phosphoryl groups. 3 In contrast, the role of non-stoichiometric glycosyl substitutions ( Fig. 1 ) in the biology of these bacteria remains unclear.
In E. coli there are 5 outer core OS structural variants (for detailed structures see Holst 4 ). Until relatively recently, it was thought that there was only one LPS core structure in Salmonella (the Ra prototype from sv. Typhimurium). However, reactivities with core-specific monoclonal antibodies (Mabs) and sensitivity to bacteriophages have indicated that there is some subtle diversity in core OS structure in the Salmonellae. [5] [6] [7] [8] [9] [10] Elucidation of the structure of the sv. Arizonae IIIa core OS 11 provides a structural basis for at least some of these observations. However, the Mab surveys have led to speculation that additional core structures may still exist.
The limited structural variation (relative to O antigens) in the core OS has stimulated interest in the use of core OS to generate a protective immune response and in the application of core OS-specific antibodies
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In the Enterobacteriaceae, the core oligosaccharide provides the junction between the highly conserved lipid A and the remarkably diverse polysaccharide O antigen. The basic structure of the inner (lipid A-proximal) core is well conserved, perhaps reflecting constraints imposed by its involvement in the structural integrity of the outer membrane. However, non-stoichiometric modifications do create some structural variants. The outer core may show more variation. Efforts to develop immunoprophylactic strategies based on the core oligosaccharide require a detailed understanding of core immunochemistry, the accessibility of specific epitopes in the LPS, and the distribution of specific structures within natural populations. The availability of sequences for the waa (core biosynthesis) loci and functional data for the gene products provide a molecular basis for the known structural diversity in Escherichia coli and Salmonella core oligosaccharide. Surveys of waa-locus organization have established the distribution of these core types in natural populations and have identified genetic variants that provide candidates for additional novel structures.
in immunoprophylaxis. For example, a broadly crossreactive Mab has been reported that is protective against challenge with rough and smooth E. coli and Salmonella LPS. 12 Also, a mixture of complete core antigens in a liposomal delivery system has been used to elicit cross-reactive antibodies capable of protecting mice against challenge with E. coli O18 LPS. 13 Application of these strategies requires detailed understanding of the structure of core OS, the expression of specific epitopes, and the distribution of specific structures within natural populations. Here we review studies aimed at establishing the molecular basis for core OS structural diversity in E. coli and Salmonella.
OUTER CORE OLIGOSACCHARIDES IN THE
ENTEROBACTERIACEAE
Genetic loci for core OS assembly
The core OS backbone is assembled by the sequential transfer of sugars from nucleotide mono-or diphosphosugar donors to a lipid A acceptor in the inner membrane. 1 The point during synthesis at which non-stoichiometric substituents (such as phosphate residues) are attached is still unknown. The genes encoding the enzymes for core assembly map at the waa locus located between cysE and pyrE at a region corresponding to 81-82 min on the E. coli K-12 chromosome. This locus is comprised of 3 operons. The hldD (formerly gmhD) operon minimally contains 3 genes (hldD-waaFC) whose products are required for inner core OS biosynthesis ( Fig. 1 ). HldD is an epimerase catalyzing the last step of ADP-L-glycero-D-manno-heptose biosynthesis, providing the donor for heptosyl residues in the core. 14 2 ). In some cases, this operon may also contain the waaL gene, encoding the putative ligase enzyme that is involved in the transfer of O antigen to the core OS. The waaA transcript contains the structural gene (waaA) for the bifunctional Kdo transferase. 1, 2 The central waaQ operon contains genes necessary for the biosynthesis of the outer core OS backbone and for modification and/or decoration of inner core OS ( Fig. 1 ). As might be expected given the common structure of the basic inner core OS structure, the waaQ operons also contain a number of genes that are highly conserved. There are 5 known core OS structures in E. coli and 2 in Salmonella and these differences are reflected in the content of the waaQ operon.
Assembly of the outer core
In all but one case, all of the glycosyltransferases needed for outer core assembly can be identified within the relevant waaQ operons. The functions of several key genes were assigned through a combination of determining LPS structures from defined mutants, and through biochemical studies of enzyme activity (reviewed by Raetz & Whitfield 1 and Heinrichs et al. 2 ). However, it should be noted that robust assays with chemically defined acceptors have not been established for core OS assembly reactions beyond the addition of HepI by WaaC. Taking into consideration the high levels of conservation in some of the genes and knowledge of the relevant core OS structures, assignments of functions to most waa genes can be made with confidence in E. coli and Salmonella. The E. coli K-12 and R2 core OS structures share the same trisaccharide backbone and have the same a-1,6-linked Gal residue attached to GlcI (Fig. 2) . The 2 outer core OS structures differ only in the substituent on GlcIII. It is then not surprising that the gene clusters encode highly conserved (88-96% identity) WaaG, WaaR, WaaO and WaaB proteins. The waaQ operons are distinguished by 3 features: (i) waaS (K-12) and wabA (R2) whose products modify the inner core OS (Fig. 1 ); (ii) waaU (K-12) and waaK (R2) that are required for the distinct terminal substituents on the core OS; and (iii) the waaL genes that encode the ligase enzymes. Differences in WaaL structures reflect the transfer of O-PS to different acceptor residues in the completed R2 and K-12 core OS.
The core OS of S. enterica sv. Typhimurium has the same side-branch substitutions and O-PS ligation site as E. coli R2; therefore, they share conserved waaL, LPS core genetics in the Enterobacteriaceae 245 Fig. 1 . Structure of the inner core OS structures of E. coli and Salmonella and enzymes involved in their synthesis. The dotted lines indicate residues that are either non-stoichiometric additions or decorations that are confined to specific core OS types (as indicated in the boxes). For details the reader is referred elsewhere. 1, 2 waaK and waaB genes. Their core OS structures differ in the backbone trisaccharide, but the corresponding transferases show some similarities and are members of the same glycosyltransferase family (family 8; <http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html>). The waaP-B intergenic region in S. enterica sv Typhimurium contains remnants of a gene with similarity to wabA (Fig. 1) , an inner core Gal transferase found in E. coli isolates with R2 core OSs 15 and in some other Salmonellae (see below).
We have recently determined the sequence of the waa locus from an isolate of sv. Arizonae IIIa. 15 As might be expected given the overall similarities in the two known Salmonella core OS structures (Fig. 3 ), 8 of the 9 genes in the central waaQ operon are highly conserved, with predicted products sharing 90-98% identity. Two polymorphisms distinguish the loci. In sv. Arizonae IIIa, the majority of waaK is deleted, although the termini of the gene are still evident. This accounts for the absence of an a-1,2-linked GlcNAc substitution. sv. Arizonae IIIa contains a unique gene (waaH) located between waaB and waaP (Fig. 3) . Both in vitro and in vivo studies have identified WaaH as the a-1,2-Glc transferase that defines the Arizonae IIIa core OS. 15 E. coli R3 and sv. Arizonae IIIa share the same core OS backbone and same a-1,2-linked terminal Glc substituent. In E. coli R3, this terminal addition is catalyzed by WaaD. 16 Surprisingly, the waaD gene product shares no sequence similarity to that of waaH from sv. Arizonae IIIa despite their identical enzymatic activities, indicating separate origins for the genes. The enzyme responsible for the a-1,3-linked GlcNAc substituent in the R3 core remains unidentified and there is no unassigned glycosyltransferase gene in the waaQ operon to account for it.
The R1, R3 and R4 outer core OSs are found in E. coli and Shigella. These structures are very similar and differ only in the identity of the b-linked substituent (Fig. 4) . The corresponding waaQ gene clusters are highly conserved and the glycosyltransferases responsible for the structural differences (WaaV and WaaX) have been identified. 17 The WaaV and WaaX enzymes share no primary sequence similarity and are members of different glycosyltransferase families (family 2 and family 25, respectively; <http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html>). Given that these residues form the attachment sites for O-PS, it is not surprising to find that the waaL genes differ in the two clusters. However, both share the hydropathy profiles characteristic of all WaaL proteins. 2 The remaining gene products share > 93% identity.
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Distribution of core OS types in natural populations of E. coli
Antibodies raised against core OSs have been used to investigate the prevalence of core types in clinical isolates. The R1 core type clearly predominated in isolates from septicemia, UTI and bacteremia. 18, 19 To examine the diversity at a broader level, a PCR-based analysis was used to determine the core type in each isolate in the ECOR collection. 20 The ECOR collection comprises 72 isolates that are considered to be broadly representative of the species as a whole. 21 Of these isolates, 50 were type R1 with R2 (8 isolates), R3 (8 isolates), R4 (2 isolates) and K-12 (4 isolates) being less abundant.
An interesting pattern of core-type distribution was observed when the results were examined in the context of the 4 major phylogenetic groups (A, B1, B2 and D) that have been established by neighbor-joining analysis of multilocus enzyme electrophoresis (MLEE) data obtained from 38 loci. 22 Isolates with the largest genome sizes are found in groups B2 and D. 23 Most B2 isolates are from humans and other primates 24 and these isolates showed the highest concentration of known virulence determinants, as well as being the most virulent isolates in a mouse model. 25 All isolates in group B2 possessed the R1 core type. Smaller numbers of pathogenic clones are found in group B1 and this group contained R1 and some R3 core types. In contrast, group A (mainly multiclonal commensal isolates) contained representatives of each of the 5 core types. These data confirmed the association of the R1 core type with most virulent E. coli, but it remains unclear whether this is due to a specific advantage that LPS containing the R1 core gives to the cell in either virulence or acquisition of virulence traits. 20 Interestingly, two independent studies have both shown a very close correlation between the presence of the R3 core type and verotoxin-producing E. coli, regardless of serogroup, 20, 26 and it is not yet known whether the conjugation or transduction processes implicated in the spread of the verotoxin genes are aided by some feature of R3 LPS.
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Core OS diversity in isolates from Salmonella reference collections
The genus Salmonella is comprised of 2 species; S. enterica (which includes subspecies I, II, IIIa, IIIb, IV and VI) and S. bongori (subspecies V). 27 To determine core OS diversity in the genus, we have used a PCR and sequencing-based approach to examine the waaQ loci in the MLEE-based Salmonella reference collections B (SARB) and C (SARC). 15 SARB includes 72 isolates (37 serovars) representing the diversity in subspecies I. 28 Almost 60% of the more than 2000 serotypes of Salmonella fall within subspecies I and SARB represents the diversity in isolates responsible for the majority of infections in humans and warmblooded animals. Thus SARB reflects all of the major human pathogenic types. Thirty-seven SARB isolates were examined (one for each serovar) and all contained the waaK gene, suggesting an a-1,2-linked GlcNAc residue in the core OS. However, 4 different variants were identified in the waaB-P intervening region. Twenty isolates were identical to sv. Typhimurium in this region in containing remnants of a wabA-like gene. Eight serovars (e.g. Paratyphi A) contained a complete wabA, and likely represent a progenitor to the sv. Typhimurium organization. Further structural analysis is required to determine whether these serovars also contain a Gal residue in the inner core OS, as in E. coli R2 (Fig. 1) . Two isolates, including sv. Typhi, contained a 1200 bp intergenic fragment between waaB and waaP but with no significant orfs. Finally, 7 isolates contained a waaH sequence identical to sv. Arizonae IIIa. It is unclear what the effect of expressing two different glycosyltransferases (WaaK and WaaH) acting at the same site of the core OS would be on the ultimate core OS structure in these serovars and this also merits investigation.
The SARC collection contains 16 isolates representing the genus Salmonella as a whole. 29 Ten isolates representing subspecies I, II, IIIb, V and VI contained the waaK gene suggesting a core OS structure resembling sv. Typhimurium. The remainder had the waaK-deletion similar to sv. Arizonae IIIa. Analysis of the waaB-P intervening region was particularly interesting. Only one subspecies I isolate showed the sv. Typhimurium-like organization. One isolate each of subspecies I and IIIb contained the same inserted DNA as sv. Typhi (see above). The remainder all contained intervening DNA of a size consistent with waaH. All of the isolates lacking waaK contained waaH in the same organization seen in sv. Arizonae IIIa. The remaining isolates contained waaK but most had a waaH orf that was truncated by a frame-shift mutation. Only one example (a subspecies IIIb representative, contained both waaK and waaH. Thus, in the SARC collection at least, possession of a single functional transferase (WaaH or WaaK) acting on the terminus of the core OS appears to be preferred.
CONCLUSIONS
In recent years, significant progress has been made towards understanding the assembly of core OS structures in E. coli and Salmonella by sequencing the relevant waa loci, analyzing LPS structures in mutants with specific waa defects, and determining the biochemical activity of specific enzymes. These prototypes are invaluable for studies in other genera. This information has been used to develop methods for the rapid typing of core types, generating insight into the diversity of given core structures in natural populations of E. coli and Salmonella, and identifying isolates that may provide additional novel structures.
